High-quality nitrogen-doped ZnO nanorods have been selectively grown on patterned and bare ZnO templates by the combination of nanoimprint lithography and chemical vapor transport methods. The grown nanorods exhibited uniformity in size and orientation as well as controllable density and surface-to-volume ratio. The structural and optical properties of ZnO nanorods and the behaviour of N dopants have been investigated by means of the scanning electron microscope, photoluminescence (PL) spectra, and Raman scattering spectra. The additional vibration modes observed in Raman spectra of N-doped ZnO nanorods provided solid evidence of N incorporation in ZnO nanorods. The difference of excitonic emissions from ZnO nanorods with varied density and surface-to-volume ratio suggested the different spatial distribution of intrinsic defects. It was found that the defects giving rise to acceptor-bound exciton (A 0 X) emission were most likely to distribute in the sidewall surface with nonpolar characteristics, while the donor bound exciton (D 0 X) emission related defects distributed uniformly in the near top polar surface.
Introduction
As a direct bandgap semiconductor, with its bandgap of 3.37 eV and binding energy of 60 meV at room temperature, zinc oxide (ZnO) materials in forms of bulk, films, and nanostructures have shown versatile potential applications in electronic and optoelectronic devices, such as sensors [1, 2] , light-emitting diodes [3, 4] , and solar cells [5] . ZnO nanorods have attracted much attention due to the easy fabrication procedure via various growth techniques including metalorganic chemical vapor deposition (MOCVD) [6] , thermal evaporation [7] , vapor liquid solid deposition [8, 9] , and pulsed laser deposition (PLD) [10] . Besides, the selective area epitaxy of well-aligned high quality ZnO nanostructures has also been achieved [11] [12] [13] . In micron scale, conventional photolithography is easy and widely used to achieve the required patterns on the substrates [11] , but as the dimension is shrunk into nanometer scale, electron-beam lithography (EBL) [12, 13] is mostly used. However, EBL is relatively expensive and not suitable for practical application. Alternatively, nanoimprint lithography method [14, 15] provides an available and inexpensive choice for nanoscaled patterning in nanostructures fabrication.
The fabricated ZnO nanorods are usually oriented along -axis and show weak dependence on the employed substrates. The top surface of ZnO nanorods is in either (0001) or (0001) orientation, exhibiting polar nature with Zn or O termination, respectively. A nonpolar (1010) surface has the smallest surface formation energy among low index surfaces, and thus, (1010) facets would be the major constituting facet of a crystalline ZnO nanomaterial [16] . In fact, the sidewall surface of ZnO nanorods is usually in the (1010) direction, which is nonpolar with equal numbers of Zn and O atoms on the surface. Nanometer-sized materials have a high surface-to-volume ratio, which critically affects the electronic and optical properties. In particular, when the ZnO nanorods 2 Journal of Nanomaterials have smaller diameters, their surface-to-volume ratios are higher and the surface effect is expected to be more distinguished. The surface effect should have a close correlation with the large density of dangling bonds existing in the sidewall surface of ZnO nanostructures, which have been ascribed to be the intrinsic defects, such as oxygen or zinc vacancies (V O or V Zn ), and have a great effect on the optical properties of the nanorods.
Photoluminescence has been proven to be a powerful tool to study the optical properties of ZnO nanorods. For wide bandgap semiconductors, such as GaN and ZnO, HeCd laser at the wavelength of 325 nm has been used as the excitation source, which has a small penetration depth of only 60 nm in ZnO material. Thus, the observed photoluminescence in ZnO films is mostly contributed from the region near surface, even taking the contribution of the recombination from the carriers located within the diffusion length of the excited region into account. Therefore, the overall photoluminescence spectra of ZnO nanorods can be regarded as the superposed radiative recombination signals mostly from both the top surface and the sidewall surface. The typical observed complicated ZnO luminescence spectra are then significantly influenced by the crystal morphology, thus leading to the divergence of optical emissions reported on various ZnO nanorods and exhibiting strong dependence on the sizes, morphologies, and growth techniques of ZnO nanostructures.
In fact, the optical properties of different facet ZnO film for both polar and nonpolar surfaces have been investigated. Different polarity surfaces have been found to lead different emission properties, including the kind of the emission and its intensity [17, 18] . For instance, the luminescent properties of the Zn-polar and O-polar faces have been reported to be extremely different: the PL intensity of the Zn-polar face is stronger than that of the O-polar face and the PL intensity of the zero-phonon free excitons relative to that of phonon replicas is stronger in the O-polar face than that in the Zn-polar face. The origin of the observed differences in PL properties has been discussed in terms of the difference of exciton-phonon coupling strengths, opposite band bending effect, and difference of the adsorption [17] . The opposite band bending effects at the two polar faces have been suggested to reduce the absorption effect at the O-polar face compared to the Zn-polar face [19] . As for nanomaterials, the similar differences observed in the CL spectra of O-(FX dominate) and Zn (DX dominate)-polar ZnO nanorods can be directly correlated with the distinct photoluminescence properties in O-and Zn-polar ZnO epilayers and single crystals. It was found that the incorporation of impurities both in terms of concentration and nature may also depend on the polarity of ZnO NWs [20] .
Moreover, the high surface-to-bulk ratio and the sidewall nonpolar surface existing in the nanorods may cause the observed emissions to be much more complicated. For nanorods array, the surface will include both the top surface and the sidewall surface, which should have important but different contribution to the observed emissions. Photoluminescence measurement can hardly get detailed information about such spatial distribution of the luminescence nor related defects on the surface of ZnO nanorods.. The different facets in ZnO nanorods surface even aggravate the complication of observed photoluminescence. In contrast to photoluminescence, cathodoluminescence can be easily applied to distinguish the observed emissions from the nanorods and correlate them with the nanorod structures. It is reported that the observed visible emission, which can be related with the existing surface defects, such as zinc or oxygen vacancies [21, 22] , comes from the sidewall surface of nanorods. The band edge emission is believed mostly to come from the interior region in the nanorods. This indicates that the light emission spectra of ZnO observed from diverse morphology cannot be directly compared, although some common spectral features are present [23] .
Besides the relationship between the existing intrinsic defects and the visible green band emission, the spatial distribution of near band edge emission in ZnO nanorods has also been deeply investigated via photoluminescence. Such inhomogeneity in optical properties of ZnO nanorods has actually been observed via the angular dependent PL measurements. The luminescence detected from the nanorods illuminated with the laser beam parallel to their growth axes shows that the near band emission (NBE) is dominated by the A-line and its LO phonon replicas while the emission collected from the nanorods illuminated from their lateral side exhibits higher contribution of free exciton [24] . The study suggests that Zn interstitials or some other donors are less formed in the sidewall surface, leading to a low carrier concentration within nonpolar facet. However, the investigation of detailed distribution of the above intrinsic defects in the ZnO nanorods is still challenging.
In this paper, the ZnO nanorods doped by nitrogen with different surface-to-bulk ratio have been fabricated on patterned and bar ZnO films, respectively, by a selective area chemical vapor transport (CVT) growth method. The growth mechanism of the ZnO nanorods on SiO 2 patterned and nonpatterned ZnO seed films has been proposed. The correlation of optical emission and defects formation in topmost surface and sidewall surface has been established via surface morphological observation, Raman scattering, and low-temperature photoluminescence spectra. Distinctive shallow acceptors are observed to be preferentially formed on the sidewalls of the nanorods. Concerning the p-type doping in ZnO films which is still challenging, our study paves a way to realize economic and mass-productive controllable growth of well-patterned ZnO nanorods and to enhance the acceptor incorporation efficiency in low-dimension ZnO nanostructures grown at a high substrate temperature.
Experimental Details
In order to thoroughly control the uniformity of the crystal orientation and polarity of the nucleation surface, thick ZnO films grown by two-step growth procedure via metal-organic chemical vapor deposition have been used as seed layers for the growth of ZnO nanorods. The seed layer exhibited uniform Zn-polarity and high crystalline quality, as reported elsewhere [25] . A thin SiO 2 barrier layer at a thickness of 60 nm as the selective mask was then deposited on the as-grown ZnO seed layer by plasma enhanced chemical vapor deposition (PECVD). Then a layer of hot embossing resist material was spin-coated on the SiO 2 /ZnO/sapphire substrates. A module of arrayed circular cylinder (200 nm in diameter and 90 nm in height) of 400 nm period was prepared. The subsequent process was the nanoimprint lithography, and followed by this process, the hot embossing resist material was solidified at a higher temperature. The resisting material/SiO 2 /ZnO/sapphire substrates were then etched by reactive ion etching process and the rest resisting material was lifted off by dimethylbenzene in ultrasonic cleaner. Thus, diameter and period of the hole can therefore be patterned on SiO 2 /ZnO/sapphire substrates at the dimension of 200 nm and the period of 400 nm.
The growth of vertically aligned ZnO nanorods was carried out in a horizontal tube furnace via the chemical vapor transport method without employing any catalysts. The source material was a mixture of high purity ZnO and graphite powders (ZnO : C = 1 : 1 by weight), which was placed in the centre of the quartz tube put in a horizontal furnace operated at the temperature of 950 ∘ C. The substrate placed downstream was the prepared ZnO template on sapphire at the thickness of 2 m grown by the MOCVD method as seed layers. For ZnO nanorods growth, N 2 was used as the carrier gas, while N 2 O was of both O and N sources. The flow rates of N 2 and N 2 O were 100 sccm and 1 sccm, respectively. A radiofrequency plasma generator was used for the ionization of N 2 O to produce both efficient N and O precursors for growth.
To get different intensity and surface-to-volume ratio of ZnO nanorods, three different kinds of samples have been grown. Sample A was grown on the patterned substrate for 20 minutes. Sample B was grown with the same condition but long growth time of 60 min. Sample C was also grown for one hour but directly on ZnO substrate.
The morphology of the as-grown ZnO nanorods was characterized by a 5350 NE Dawson Creek Derive scanning electron microscopy (SEM) attached with energy dispersive analyser. The crystalline quality of all samples was analyzed by X-ray diffraction (XRD) preformed on a Rigaku D/MAX-2500 using Cu K radiation at 40 kV and 200 mA by step scanning with a step size of 0.02 ∘ . The 514 nm Ar+ laser with a power of 5 mW was used as the excitation source in micro-Raman spectroscopy at RT and the measurement was performed under a backscattering configuration. Photoluminescence spectra were recorded in the temperature of 9 K, excited by a He-Cd laser with a wavelength of 325 nm. The laser beam was impinged on the sample surface with an angle of approximately 60
∘ . The excited PL emission was measured with a JY-Horiba monochromator, aligned normal to the sample surface. The chemical configuration of the elements was determined by X-ray photoelectron spectrometry with an Al K X-ray monochromatic source at 1486.6 eV (Thermo Fisher Scientific Inc., Model K-Alpha). Figure 1 shows the scanning electron microscope images of ZnO nanorods grown in different conditions. From sample A (Figure 1(a) ), it can be clearly seen that ZnO nanorods were achieved only in the area of exposed ZnO layers, while on SiO 2 layers no growth occurred, which shows that ZnO nanorods grew selectively on ZnO and SiO 2 substrates. It can also be seen that ZnO nanorods have different growth density and size distribution on both substrates. On bare ZnO substrates, ZnO nanorods have a dense distribution, the diameter of which mostly ranges from 150 nm to 400 nm (Figure 1(f) ). While on patterned ZnO substrates, ZnO nanorods of sample B were evenly distributed and the size of them was concentrated at 720 nm (Figure 1(e) ). Consequently, we can conclude that, on patterned ZnO substrates, the growth of ZnO nanorods can be precisely controlled and we can get good ZnO nanorod arrays.
Results and Discussions
It is noted that the density of ZnO nanorods grown on sample B (Figure 1(b) ) is about one-fifth that obtained on sample C (Figure 1(c) ), but the averaged size is about 3 times larger than that of sample C. As shown in Figure 2 , for the above ZnO nanorods growth on barely or patterned ZnO film, the density and size of ZnO nanorods are finally determined by the formation of the initial nucleus on the substrate. For bare ZnO film (Figure 2(b) ), the whole surface is available for the formation of the nucleation sites for ZnO nanorods growth (Figure 2(b)(1) ), so the size of the nucleus will be decided by the unoccupied space between the neighbored nuclei, which determine the amount of adsorbed radicals which may be possible to migrate into the nucleus and so contribute to the growth of the initial nucleus. For the growth conditions as employed in the work, almost the whole surface will be covered by the grown ZnO nanorods (Figure 2(b)(2) ). For patterned ZnO film in the work (Figure 2(a) ), only partial ZnO surface is exposed to the ambient growth (Figure 2(a)(1) ). However, the adsorption reaction radicals on the covered SiO 2 surface have a high migration rate and can also move and incorporate with the nucleation sites (Figure 2(a)(2) ), resulting in a much larger nucleus (Figure 2(a)(3) ). In this case, much larger sizes of ZnO should be formed on sample B. According to the scanning electron microscopy image, we get the distribution of the ZnO nanorods size and number for both cases, which agree well with the above suggestion and discussion.
The XRD spectra of samples A, B, and C are shown in Figure 3 . The inset shows the ZnO (0002) rocking curve (XRC) for all the samples. From the -2 patterns, it can be seen that only the ZnO (0002) diffraction peaks have been detected, indicative of the desired -axis preferential growth for the ZnO nanorods. Furthermore, the intensity of the (0002) peak drops for sample C, and the width of the rocking curves increases from 297 arc sec (sample A) and 276 arc sec (sample B) to 423 arc sec (sample C). The decreased XRD intensity and the increased XRC width for sample C have been ascribed to the relatively degraded crystalline quality of the grown nanorods as compared to the ZnO seed film, since the grown nanorods are much denser and will contribute more to the detected XRD patterns.
For photoluminescence measurements on ZnO nanorods array, the space between the neighbored nanorods will have a great effect. Small space like the case of nanorods grown on sample C should give a little contribution from the sidewall surface to the final emission, due to limited penetration depth of the incident laser and also less collection of the emission from the sidewall surface. However, a large space similar to the case on sample B should certainly give a high contribution from the sidewall surface. Considering the fact that the top surface coverage is lower than that of sample C, the contribution from the top surface for sample B might be weaker than the case for sample C. Therefore, the emission intensity ratio for the contribution from the top surface over the sidewall surface can be moderated and the different contribution may be evaluated in the work. Figure 4 shows the photoluminescence (PL) spectra of samples A, B, and C measured at 9 K. The features of PL spectra can be classified into two categories: near band emission (around 3.3 eV) and deep band emission (around 2.5 eV) [19] . During PL test, the sample was vertically and C are shown in Figure 4 (b). For sample A at the initial state of growth, small nanodisks covered the open areas on the patterned SiO 2 /ZnO substrate. The dominating emission located at 3.362 eV, which is due to recombination of excitons bound to donors or acceptors and similar to the observation on the patterned SiO 2 /ZnO substrate due to large open area of the SiO 2 /ZnO substrate. As the MOCVD grown ZnO film is generally n-type, the peak at 3.362 eV can be recognized as D 0 X [26] . Besides, a new peak at 3.368 eV appears which can be ascribed to the surface exciton SX, which is observed in the ZnO films and more apparent in the ZnO nanostructures due to a large surface-to-volume ratio.
Compared with sample A, more ZnO nanorods have been grown on sample B. It is interesting to note that a broad peak located at 3.359 eV dominated in the spectrum, which can be easily resolved into two peaks, 3.358 eV and 3.362 eV, respectively. The emission around 3.358 eV has been previously ascribed as acceptor bound exciton (A 0 X), and the later one should be the D 0 X as described in sample A. The intensity of A 0 X on sample B is much stronger than that in sample A, where a shoulder located at 3.358 eV can be devolved too besides the main emission peak at 3.362 eV. Similarly, the surface exciton has also been intensified compared with sample A due to more contribution from the grown nanorods. As more dense nanorods were grown on sample C, it was expected to have a stronger A 0 X emission. However, opposite phenomenon is revealed as shown in Figure 4 , where the main emission peak has been shifted to high energy located at 3.363 eV. Of course, a small shoulder located at 3.358 eV can be devolved from the peak, but its intensity has become much smaller compared with sample B. The peak-fitting result of PL spectrum shows that the intensity of A 0 X (3.358 eV) in sample C is much smaller than that of sample B. As the nanorods coverage in sample C is much higher, it suggested that the photoemission excited and collected from the sidewalls of the nanorods will be much smaller. The change trend of A 0 X emission and surface exciton SX emission for samples A, B, and C surely indicates that the A 0 X and SX should mainly originate from the sidewall surface with a small fraction comes from the top surface. The change of the D 0 X emission has also revealed high donor concentration contribution from the near top surface compared to the sidewall surface.
Calculation results on the formation energy of Zn vacancies at different positions in the slab reveal that Zn vacancies are much more probably closer to the (1010) surface (1 eV energy lower) than inner positions in the slab [27] . This has also been supported by another report, which indicates V Zn on a nonpolar (1010) surface had significantly smaller formation energy than it did in the bulk [28] . Considering the fact that the sidewall surface is (1010)/(1010) direction, the A 0 X emission can probably be relevant to V Zn . Figure 5 shows the green band emission of samples A, B, and C at temperature 9 K. It is interesting that fine structure, which consists mainly of doublets, can be observed. The energy spacing between any two adjacent lines (LO phonon replicas) in the fine structure is about 72 meV. The number of LO-replicas that can be clearly seen is eight. At high energy side, two well-resolved series superimposing the broad band can be observed. Both of the two series equally separate fine structures and the energy spacing between them is about 27 meV. The intensity of the GB for sample C is obviously stronger than that of sample B, which agrees well with the coverage of the ZnO nanorods as shown above. This indicates that the GB is mainly contributed from the ZnO nanorods and contribution from the ZnO film does not need to be taken into account here.
Raman scattering spectra of samples A, B, and C with incident light parallel to the -axis of the nanorods have been shown in Figure 6 . As indicated in the above discussion, the observed emissions in the PL measurements should occur from the top surface or the sidewall surface. Different to what happened in the PL measurements, the excitation laser photon energy for Raman scattering is smaller than the bandgap of ZnO, indicating that almost scattering from both the ZnO nanorods and ZnO film can contribute to the Raman spectroscopy. In Figure 6 , the observed peaks located at 99, 332, and 438 cm −1 are the classical modes of ZnO, corresponding to E 2 (low), 2E 2 (M), and E 2 (high), respectively, which should come from both ZnO nanorods and films [29, 30] . In addition to the ZnO modes, peaks around 276, 510, 582, and 644 cm −1 are observed, with their intensity increased for samples A, B to C. The origin of these additional modes was controversial. They were assigned to N local vibrational modes, or ZnO silent modes allowed by the breakdown of the translational crystal symmetry, or Zn interstitial clusters due to N incorporation [31] [32] [33] . Regardless of the assignments, the increased intensity of the vibration modes indicates that it is contributed from the ZnO nanorods, not from the ZnO seed film. And N atoms have been incorporated into the ZnO nanorods.
The incorporation of nitrogen has been proven by XPS. Figure 7 shows the N 1s XPS line for sample C. An indistinct nitrogen signal could be seen with a high level of noise due to the low nitrogen concentration. Considering the fact that the nanorods were grown at 950 ∘ C, at which the nitrogen solubility will drop sharply, the incorporation of nitrogen is thus low. For samples A and B, due to the looser distribution of the nanorods, it is difficult to get the nitrogen signals, while, for sample C, the density of the nanorods is much higher and hence a weak signal of nitrogen could be detected shown in Figure 7 . It is surprising that a small amount of nitrogen can still exist in the nanorods grown at such a high substrate temperature. It is highly possible that the nitrogen atoms could be stabilized via bonding with interstitial zinc defects, forming the Zn i -N O complexes, which has been proposed to be thermally stable. This proposal could be partially evidenced by the fact that the Zn i related Raman vibration mode at 276 cm −1 is strongest for sample C. As for the assignment of the acceptor, nitrogen substituting for oxygen, N O , is calculated to be a deep acceptor. On the other hand, the acceptor ionization energy is predicted to be significantly reduced by the presence of various intrinsic defects that can act as efficient compensating centers and also facilitate formation of various N-related complexes, including donor or acceptor complexes such as Zn i -N O or V Zn -N O . In our case, we prefer to ascribe the observed acceptor to V Zn -N O or even Zn vacancy clusters, or Zn vacancy related complex should be a better description of the shallow acceptor. These acceptors are believed to locate near the sidewall surface according to the enhanced A 0 X emission observed in sample B, possibly due to the modification of large surface-to-volume ratio on the formation energy of the acceptors.
Conclusions
The paper illustrates different growth process of ZnO nanorods on patterned and bare ZnO substrates. ZnO nanorods of different intensity and different surface-tovolume ratio have been grown. From the PL test, we can see that the defects in ZnO nanorods are not uniformly distributed in the slab. The A 0 X emission related defects, which Journal of Nanomaterials may be relevant to V Zn , are more likely to distribute in the sidewall surface, while D 0 X related defects uniformly distribute in the near top surface. The Raman spectra ensure the fact that N atoms have been incorporated into the ZnO nanorods. Our work infers how to realize the modification on the formation energy of the acceptor, like the effect of the large surface-to-volume ratio, which is critical for the realization of the p-type doping in ZnO films.
